Abstract Ocean acidification changes the carbonate chemistry of seawater in a manner that reduces the biomineralisation rate of reef-building corals. Other effects of acidification on coral physiology are less well explored, and recent debate has focused on whether ocean acidification causes a change in Symbiodinium densities within tropical and subtropical reef-building corals. Within the framework of null-hypothesis significance testing, some aquaria experiments have provided evidence for a decrease in symbiont densities within coral tissue under ocean acidification (whilst others have suggested an increase). However, null effects have prevailed in the majority of such experiments, and so the question has remained unresolved. This study attempted to resolve this question using a meta-analytic framework, by establishing the effect sizes for symbiont density change under ocean acidification from a structured search of the literature. A regression of effect size (Hedge's d) versus level of ocean acidification revealed a statistically significant negative relationship, with symbiont density per cm 2 decreasing as the level of ocean acidification increased. The decline amounted to an additional 0.07 standard deviations of difference in symbiont density between corals in control (near present day) and acidified seawater with every 100 latm of increase in partial pressure of CO 2 in seawater (a relationship with an r 2 of 0.24). A further unresolved question is whether ocean acidification will synergistically exacerbate (or diminish) symbiont density reductions caused by elevated temperature. An analysis of covariance did not reveal a greater decline in symbiont densities with increasing acidification at elevated temperature compared to non-stressful temperature, though this latter analysis should be viewed as exploratory due to a lower sample size. The well-supported evidence for a decline in symbiont densities in tropical and subtropical corals under ocean acidification now provides an impetus for sustained investigation of the consequences of such a change for holobiont functioning and the broader function of the coral reef ecosystem.
Introduction
Through their position as intracellular symbionts of scleractinian corals, Symbiodinium dinoflagellates play a key role in coral reef ecosystems. In addition to supplying their hosts with organic carbon (generated during photosynthesis) and amino acids, Symbiodinium supply corals with glycerol and oxygen, both thought to drive calcification (Colombo-Pallotta et al. 2010; Wijgerde et al. 2012) . Much of the autotrophic energy supplied to corals is later released to seawater as mucus (Wild et al. 2004) , and dissolved organic matter (Lewis and Smith 1971) , becoming food for heterotrophic or mixotrophic reef organisms including Topic Editor Dr. Mark R. Patterson Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00338-018-1720-z) contains supplementary material, which is available to authorized users.
other corals (Tremblay et al. 2012; Levas et al. 2016) , sponges (Rix et al. 2017) , and animals obligately associating with corals (Wallace 1999) . Thus, any human impact that affects the symbionts within corals could subsequently affect corals' capacities for photoautotrophy, rates of coral calcification, and energy flow through the coral reef ecosystem.
The symbiosis between corals and Symbiodinium dinoflagellates is intimately associated with the chemical species, and properties, of dissolved inorganic carbon (DIC) in seawater. Carbon dioxide, when dissolved in seawater, reacts with water to form (as % of total DIC at pH 8.05) aqueous carbon dioxide plus carbonic acid (* 0.6%), carbonate ion (* 11.7%), and bicarbonate ion (* 87.7%) (Kleypas et al. 1999; Barker et al. 2003) . Corals supply their symbionts with CO 2 , the substrate of photosynthesis, through respiration (Muscatine et al. 1989 ), seawater-to-tissue passive diffusion of aqueous CO 2 (Wooldridge 2014) , or active conversion of seawater bicarbonate into CO 2 (Weis et al. 1989) . Corals utilise DIC from the seawater along with respired CO 2 to build, respectively, 25-40 and 60-75% of the calcium carbonate in their skeletons (Goreau 1977; Erez 1978; Furla et al. 2000) . Coral calcification and respiration also generate protons that must be exported from the internal sites of these reactions (Jokiel 2011a) .
Increased atmospheric carbon dioxide will alter the DIC system in seawater (Kleypas et al. 1999) , thereby potentially impacting key processes of the coral-dinoflagellate symbiosis. The oceanic absorption of anthropogenic carbon dioxide increases the carbonic acid content, which reversibly dissociates into (elevating the concentration of) protons and bicarbonate ions (Miller and Wheeler 2012) . Protons and free carbonate react to form bicarbonate, so the elevated proton concentration decreases the pool of free carbonate in the ocean (Miller and Wheeler 2012) . Changes in these chemical species could have a number of physiological effects. Increased bicarbonate and increased aqueous CO 2 could favour photosynthesis (Mackey et al. 2015) . The increased seawater proton concentration could interfere with the export of protons (generated as a metabolic byproduct) from organism tissues (Jokiel 2011b) , interfering with respiration and calcification. Meanwhile, reduced oceanic carbonate could reduce the formation of calcium carbonate (in animal structures) or favour its dissolution under the right physical conditions (Miller and Wheeler 2012) . The majority of research on corals under ocean acidification has focused on calcification, which declines dramatically in some species, but less so in many others (McCulloch et al. 2012) . Because of the tight linkages between seawater DIC and key biochemical processes in the symbiosis, the impacts of ocean acidification beyond calcification need to be explored.
In particular, debate has focused on decline in Symbiodinium concentrations in coral species under ocean acidification, which has garnered support from experimental evidence in some coral species but not others (Krief et al. 2010; Wall et al. 2014) . For instance, under ocean acidification, Hii et al. (2009) found declines in areal symbiont densities of 31-70%, and Kaniewska et al. (2012) found declines of 55%. These levels are akin to the levels seen during seasonal symbiont loss (''physiological bleaching'') in corals (Fitt et al. 2000) . Could a decline in Symbiodinium population due to ocean acidification exacerbate bleaching during thermal stress? Anlauf et al. (2011) documented a synergistic impact of temperature and partial pressure of CO 2 (pCO 2 ) on symbiont densities in new coral recruits, wherein elevated pCO 2 ameliorated the decrease in symbionts per polyp caused by temperature alone. In contrast, Anthony et al. (2008) documented a combined impact of heat stress and ocean acidification, which synergistically lowered the thermal threshold for luminance loss, a proxy of bleaching, in two coral species.
In contrast, many other authors have found no impact of ocean acidification on symbiont densities in corals (e.g. Wall et al. 2014; Baghdasarian et al. 2017) . In general, typical limitations of experimental methodology, such as a low sample size (often 4-6 corals per treatment: Schoepf et al. 2013; Horwitz and Fine 2014; Camp et al. 2016; Bedwell-Ivers et al. 2017) , combined with the use of nullhypothesis significance testing, mean that small effects are probably missed on a regular basis. This phenomenon may be hampering the resolution of whether ocean acidification definitively causes symbiont loss in reef-building corals.
Meta-analysis is an effective technique to overcome the issue of small effects being missed in the statistical analysis of individual experiments. Meta-analysis is the method of rigorously analysing the data from a large number of experiments, within a unifying statistical framework (Harrison 2011) . The effect sizes of individual studies are made to be comparable, through standardising each effect size to the standard deviation and sample size of the experiment in question (Nakagawa and Cuthill 2007) . The informativeness of each effect size is then identified through weighting the effect size by its variance, and the overall trend of the effect is identified through summary statistics performed on the weighted effect sizes (Harrison 2011) .
This study will use a meta-analysis to address two outstanding questions highlighted above: (1) does ocean acidification cause symbiont density reductions in reefbuilding corals? (2) Does ocean acidification synergistically exacerbate (or alternatively, diminish) the reduction in symbiont density caused by temperatures exceeding the thermal thresholds of reef-building corals?
Methods

Search methodology
A systematic search of the literature was performed to identify studies for inclusion in the meta-analysis. An advanced search in Web of Science using the terms (coral AND acidification) OR (coelenterate AND acidification) OR (Cnidaria* AND acidification) OR (anemone AND acidification) from 1900 to 27 November 2017 returned a list of 1633 published studies. Of these studies, those that described the exposure of a tropical or subtropical coral to ocean acidification and that reported Symbiodinium cell counts following exposure, in comparison to a control condition, were identified. Studies were excluded if they had used an exposure period of less than 1 week in duration, had used only larval stage or juvenile corals (i.e. the experiment was commenced within several weeks postsettlement), or if they did not report all of the parameters required in this meta-analysis. To increase the independence and representativeness of this dataset, where a research group had published two separate ocean acidification experiments on same species, only one experiment was included. Similarly, to reduce data from Camp et al. (2016) , only datapoints from specimens from the outer-reef terrace environment exposed to the ''low variance'' experimental conditions were selected. A full list of the studies included in this dataset is provided in the Electronic Supplementary Materials.
From each study, the partial pressure of pCO 2 in the control and acidified treatments, the exposure length, the mean of symbiont cell counts standardised to units of protein and/or units of surface area, the mean of calcification, standard deviation or error of each mean, and the sample size(s) were extracted. Where a range of sample sizes were given, the minimum sample size was used. Where pCO 2 level was part of a multi-stressor experiment, the pCO 2 control and treatments at the control level of the other stressor(s) were used, except where elevated temperature was the second stressor. In the latter case, data were recorded for the pCO 2 control and pCO 2 treatments at both the control and elevated temperature levels. To accurately extract data that were presented only in graph form, the measure tool within GIMP 2.8.18 was used.
Data analysis
Effects sizes were calculated using Hedge's d (Nakagawa and Cuthill 2007) :
where x t and x c are the means of the symbiont densities in the treatment and control groups, respectively, n t and n c are the sample sizes of the treatment and control groups, respectively, and s p is the pooled standard deviation (as per equation 2 
In a meta-analysis of study designs involving an independent variable with two (or more) categorical conditions (e.g. ''native'' versus ''invasive'' species), and a continuous response variable, the mean effect size is calculated as the weighted mean of the effect sizes, using the effect size variance as the weighting factor (Harrison 2011) . Where the independent variable actually consists of two or more chosen levels of a continuously varying variable (e.g. low, medium and high states of ocean acidification), calculation of the mean effect size is no longer relevant (unless the published studies under analysis consistently choose approximately the same levels of the independent variable). In this case, it is natural to instead perform a weighted regression using the effect size as the dependent variable and the variance of the effect size as the weighting factor (i.e. effect sizes with a lower variance are given a greater weight).
A weighted least-squares regression was performed using the difference between the treatment and control level of pCO 2 (DpCO 2 ) as the independent variable, the symbiont density effect size (Hedge's d) as the dependent variable, and 1/s d 2 (for symbiont density) as the weighting factor. Regression was performed in the base package in R version 3.3.1 (R Core Team 2016) using the ''lm'' function. To reduce dependency, this dataset did not include the ''higher'' temperature data (discussed in the next paragraph). The influence of changes in symbiont density (if any) under ocean acidification on decline in calcification under ocean acidification was tested using Hedge's d for calcification as the dependent variable, with DpCO 2 and a term for symbiont density effect size as independent variables, with 1/s d 2 (for calcification) as a weighting factor. As Hedge's d for symbiont density might be highly correlated with DpCO 2 , the term for symbiont density effect size was obtained by dividing Hedge's d for symbiont density by DpCO 2 .
For those studies that exposed corals to both pCO 2 and elevated temperature in an orthogonal design, the dataset was partitioned into the higher and lower temperatures and effect sizes of pCO 2 on symbiont densities were calculated within each partition. To examine the impact of pCO 2 on cell loss under elevated temperature, an ANCOVA was performed for the impact of temperature on effect size, with DpCO 2 as the covariate, and a weighting factor of 1/s dindicate that elevated pCO 2 exacerbates or suppresses the change in cell densities that occurs with elevated temperature. This dataset did not include, in the ''lower'' temperature partition, any datapoints that did not have an accompanying ''higher'' temperature datapoint derived from the same experimental study. All datasets of effect sizes and the accompanying R code have been archived (Mason 2018) .
Results
Effects of pCO 2
After the literature search and application of exclusion criteria, the final coral-under-acidification dataset consisted of fourteen published studies that reported symbiont densities per unit area, and five published studies that reported symbiont densities per mg of protein. From these studies, I was able to abstract 38 effect sizes for symbiont densities per unit area under ocean acidification (Fig. 1) . Weighted least-squares regression demonstrated that, as ocean acidification increases, the effect size becomes more negative, meaning that the symbiont density per unit area declines (Fig. 1, equation 
, adjusted r 2 = 0.24). The slope of effect size versus ocean acidification was significantly different from zero (F 1,36 = 12.75, p = 0.001), whereas the y-intercept was not significantly different from zero (p = 0.769). Given that ''effect size'' indicates the number of standard deviations of difference in the response variable under control versus treatment conditions (Coe 2002) , the slope of the line (Fig. 1) suggests that symbiont densities decrease by 0.07 standard deviations (compared to corals under non-acidified conditions) for every 100 latm of increase in seawater pCO 2 .
The dataset yielded eight effect sizes for symbiont densities per mg of protein, which I considered too few for regression analysis involving this dependent variable.
From the same collection of published studies as above, I was able to extract 25 effect sizes for calcification that were paired with an effect size for symbiont density. Calcification had been predominantly measured via buoyant weight (22 effect sizes), with surface area extension (2 effect sizes) and alkalinity anomaly during daylight (1 effect size) also used. For this dataset, weighted leastsquares regression did not detect a significant effect, on calcification effect size, of DpCO 2 (p = 0.070), nor symbiont density effect size standardised to DpCO 2 (p = 0.949). Due to the lack of significance of the latter term, no evidence was found to suggest that symbiont density decline under ocean acidification may, by itself, result in changes to coral calcification. When symbiont density effect size standardised to DpCO 2 was dropped from the model, the significance of DpCO 2 was p = 0.062.
Interaction of temperature and pCO 2
Six published articles contained symbiont densities per cm 2 under acidification at a low and an elevated temperature, from which 17 effect sizes per temperature level were calculated. The mean lower temperature over these six experiments was 26.5°C (range = 23.5-28°C, SD = 1.7°C), the mean elevated temperature was 30.2°C (range = 28.53-31°C, SD = 1.7°C), and the mean difference in temperature between the higher and lower temperature treatment of each study was 3.61°C (range = 1.7-7°C, SD = 2.01°C). Three published articles contained the same information for symbiont densities per mg of protein, yielding 4 effect sizes per temperature level, which I considered too few for regression analysis. Almost all data came from studies with DpCO 2 of between 200 and 600 latm. Two effect sizes (one from each of the low-temperature and the high-temperature data partitions) were excluded because the DpCO 2 values of these datapoints (1661, 1808 latm) were far higher than that of the rest of the datapoints (200-600 latm), yielding a final Coral Reefs number of n = 16 effect sizes for symbionts cm -2 , per temperature level.
In an ANCOVA with the effect size for symbiont density per cm 2 as the response variable, no significant interactive effect of temperature level with DpCO 2 was detected (Table 1 ). This can be seen graphically, where (in Fig. 2 ) no difference in slope between the two temperature levels is apparent. Therefore, there is no evidence that elevated pCO 2 exacerbates or diminishes the impact of temperature increase on symbiont density in this study's dataset.
Model assumptions
The model of the effect size of symbiont density change versus DpCO 2 (Fig. 1) satisfied the assumptions of linear regression (equal variances appeared to hold though the dataset was near to the borderline between homo-and heteroscedasticity), with the exception of normality of residuals. The distribution of residuals had a long left-hand tail due to two residuals that were outliers (associated with the two values with the most negative effect sizes in Fig. 1 ). However, there is a consolidating school of thought urging caution with regard to removing outliers, as the loss of information that results can substantially impact the outcome of statistical tests (Pollet and van der Meij 2017) . Furthermore, with datasets of large sample sizes, linear regression is robust to departures from normality (Lumley et al. 2002) . Examination of the studies from which the outliers came revealed no unusual features of each experimental study, and for this reason combined with those forementioned, I chose to leave the outliers in. As the mean of the effect sizes (Hedge's d) was -0.8 and the majority (29 out of 38) were less than zero, the finding that ocean acidification causes symbiont density declines is relatively robust.
The model examining the effect of heating on effect size of symbiont density change under acidification contained a single outlier that contributed, in part, to a departure from homoscedasticity and normality of residuals. In this case, the lower sample (n = 16) size suggests a lower tolerance of the model for departure from normality of residuals; therefore, further mention of the ANCOVA results (in the discussion) considers the lower sample size.
Publication bias
Publication bias was assessed by examining the number of effect sizes that were associated with a statistically significant difference in symbiont densities between acidification and control conditions in the article of their original publication. Overall, most of the effect sizes were not associated with a statistically significant difference. Of the 38 effect sizes in Fig. 1 , eleven were associated with statistically significant results, 24 were associated with statistically non-significant results, and three were associated with results whose significance was not stated. Among the studies that used an orthogonal design examining both temperature and acidification effects, there were two statistically significant interactions of temperature and acidification, four statistically non-significant interactions of temperature and acidification, and six cases where the statistical significance of the interaction term was not stated. Of the 16 effect sizes for the impact of acidification on symbiont densities at elevated temperature, one was associated with a statistically significant result, 13 were associated with statistically non-significant results, and two were associated with results whose significance was not stated. Given that most of the effect sizes are derived from results that were not statistically significant but were nevertheless published, it is likely that publication bias is not a large problem for this meta-analysis.
Discussion
The effect of ocean acidification on symbiont densities in corals has generated a great deal of debate (e.g. Anthony et al. 2008; Wall et al. 2014) , and a large number of experiments have, individually, failed to resolve the issue (due to a prevalence of null effects). By unifying the results of these experiments under one statistical framework, this study has identified that ocean acidification indeed does generate a reduction in symbiont densities per unit area in tropical and subtropical scleractinian corals.
The question of the mechanism for how ocean acidification causes a reduction in symbiont densities now warrants serious investigation. One proposed mechanism involves a possible fertilisation effect of ocean acidification on Symbiodinium, paradoxically leading to resource limitation at higher temperature or light levels, such as those experienced during the middle of the day. Under ocean acidification, the higher availability of CO 2 as a substrate for photosynthesis could initially increase the symbiont cell population in coral tissues (Wooldridge 2009 ). According to the ''CO 2 limitation'' hypothesis, such a symbiont population increase could increase the photosynthetic demand for CO 2 at high light or high temperature beyond that which the host is capable of supplying. This could lead to a collapse in the quantity of photosynthate produced and consequent host-mediated expulsion of symbionts (Wooldridge 2009), or the signal of low pCO 2 could directly trigger programmed cell death in symbiont cells (Vardi et al. 1999; Dunn et al. 2002) . In support of this general mechanism, Cunning and Baker (2013) demonstrated that an increase in the symbiont-to-host cell ratio (attributed to seasonal warming) does lead to increased bleaching at peak summer temperature in Pocillopora damicornis. Increases in cell-specific density (closely related to increases in symbiont-host cell ratio) under ocean acidification have been observed (Reynaud et al. 2003) , providing evidence for the first step of the two involved in ''CO 2 limitation'' bleaching.
A biochemical pathway (separate to the above mechanism) by which ocean acidification may cause symbiont density decline in reef-building corals was proposed by Crawley et al. (2010) . These authors found that the expression of phosphoglycolate phosphatase (PGPase), the enzyme that removes phosphoglycolate from the chloroplasts, is downregulated under moderate or higher ocean acidification levels. The build-up of phosphoglycolate, which is produced during photorespiration, inhibits carbon fixation by the Calvin-Benson cycle. The question is whether the expression of PGPase is downregulated as a direct result of reduced photorespiration (which decreases under elevated pCO 2 ), or because acidification somehow interferes with its expression. A finding of the latter would point to a direct method by which ocean acidification may inhibit the photosynthetic dark reactions, whose impairment in some Symbiodinium species can instigate the loss of symbiont cells from the host (Jones et al. 1998; Buxton et al. 2012; Bhagooli 2013) .
Alternatively, rather than being a form of bleaching, decreases in areal symbiont densities under ocean acidification may simply be related to an increased capacity for photochemical quenching due to greater availability of CO 2 . Some evidence exists that Symbiodinium populations in hospite increase the chlorophyll content of their cells under ocean acidification (Hii et al. 2009; Crawley et al. 2010; Krief et al. 2010) . Increased chlorophyll per cell may increase the cell's capability for photosynthesis (Prézelin 1987) , whilst decreased cell density may increase coral skeletal light scattering and therefore increase the light available per cell (Enríquez et al. 2005) . Thus, symbiont density reductions, if accompanied by increased photosynthetic pigment per cell, may be directed towards increasing the rate of photosynthesis per symbiont cell due to the increased quantity of CO 2 available as the substrate in the Calvin-Benson cycle.
In addition to (but related to) the question of the mechanism involved is the question of whether the decline in symbiont densities has any harmful (or beneficial) effects on coral physiology. Given the key roles that photosynthetic products and byproducts from Symbiodinium play in coral calcification (Colombo-Pallotta et al. 2010; Holcomb et al. 2014) , one potential impact of symbiont density decline could be reductions in coral calcification. This study found no significant effect of symbiont density effect size (standardised to units of increase in ocean acidification) on calcification under ocean acidification. However, given that the effect of ocean acidification itself on calcification was not significant for this dataset, the sample size may have been insufficient to detect this wellknown effect, let alone any effect of symbiont density on calcification which (if in fact present) would likely be smaller than the effect of ocean acidification.
A second potential impact centres on the ramifications of symbiont density decline under ocean acidification for thermal bleaching severity. This study found that elevated pCO 2 did not synergistically exacerbate, or diminish, the reduction in symbiont densities that occurs under elevated temperature. Several caveats apply to this finding, including a lower sample size (n = 16), a smaller range of DpCO 2 , and the absence of a significant decrease in symbiont densities with increasing acidification within this smaller dataset (Fig. 2) . Nevertheless, this analysis provides a statistical framework within which the impact of ocean acidification on thermal bleaching can be re-examined, as more data from individual orthogonal experiments involving both stressors becomes available. Even in the absence of any synergisms, the additive impact of symbiont density reduction due to ocean acidification and due to elevated temperature will cause greater impacts on symbiont population sizes in hospite than elevated temperature operating alone.
Whilst well-supported in tropical and subtropical scleractinian corals, it should be emphasised that a decrease in symbiont density under ocean acidification is not necessarily a universal pattern among all symbiotic Cnidaria. Symbiont densities (per mg of protein) increased with acidification in Aiptasia sp. in lab studies (Gibbin and Davy 2014) and in Anemonia viridis at marine volcanic vents (Suggett et al. 2012; Meron et al. 2013 ; but see Borell et al. 2014) . Other anemones have demonstrated declines in symbiont densities under acidification (e.g. Graham et al. 2015; Graham and Sanders 2016) . The temperate coral Cladocora caespitosa experienced increases in symbiont densities with acidification that were substantial in the winter, though very mild during the summer (RodolfoMetalpa et al. 2010) . Meanwhile, the octocorals Ovabunda macrospiculata and Heteroxenia fuscescens displayed trends for symbiont densities to decline with acidification, but Sarcophyton sp. did not (Gabay et al. 2013) . However, there is a deficiency of published data useful for metaanalysis within each of these groups: my literature search revealed twelve, one and six effect sizes for anemones, temperate corals and octocorals, respectively. In summary, through analysing effect sizes (Hedge's d) calculated from published experiments, good support was found for a general decline in Symbiodinium densities per unit of coral surface area under ocean acidification in tropical and subtropical scleractinian corals. Over all such studies, the average Hedge's d was -0.8, meaning that corals in experimentally acidified seawater have symbiont densities that are, on average, 0.8 standard deviations below those in control conditions. However, the decline in symbiont densities with acidification appears to be dose dependent, as revealed by a regression of effect size against acidification level (Fig. 1) . Further analysis did not reveal a synergistic effect of acidification on symbiont density reduction at elevated temperature, which should be interpreted with caution due to a small sample size. Nevertheless, the latter analysis provides a statistical framework within which interactions between a primary stressor (temperature or otherwise) and acidification can be examined as more experimental data become available.
